An experimental investigation on body force of Dielectric Barrier Discharge (DBD) plasma actuator aimed at low power flow control applications is presented. Momentum conservation equations have been adopted for a steady two dimensional laminar flow to calculate the body force produced by DBD plasma actuator. The momentum flux and viscous forces of different control volumes have been investigated, but the pressure force is neglected in the present work. Furthermore a parametric study on body force is conducted for a wide range of carrier frequency. It is shown that the body forces of different control volumes are different and for a given control volume the body force reaches a peak value when carrier frequency is at 25 kHz and the peak-peak voltage is at 12kV. 
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Nomenclature

abcda
= control volume boundary ds = element segment of abcda F = force acting on abcda F B = body force induced by DBD actuation acting on abcda F p = pressure force acting on abcda F v = viscous force acting on abcda f = ac source frequency m = air mass n = unit outward-normal of abcda t = time V = velocity u = x-components of velocity V v = y-components of velocity V ρ = air density µ = air viscosity
I. Introduction
dielectric barrier discharge, operating at kHz and kV conditions, can generate largely isothermal surface plasma and induce wall-jet like fluid flow. It can serve as an aerodynamic actuator, and has advantages of no moving parts. 1 The resulting surface discharge generates momentum transfer to the ambient gas through collisions between energetic ions and neutral molecules in the ambient gas and induces ambient-gas motion along the surface. In order to better understand the mechanism of the momentum coupling between the plasma and the fluid flow, computational model of plasma is studied.
For most plasma flow-control cases, the time-scales ratios between those characterizing the discharge physics (convection, diffusion, and reaction/ionization) and the fluid flow mechanisms are separated by several decades, allowing the effect of plasma on the fluid dynamics modeled via a one-way body force treatment.
At a phenomenological level, Shyy et al. 2 had established the plasma models using linear force distribution to approximate the discharge structure. Enloe et al. 3 presented a high-fidelity approach using a first principle based hydrodynamic plasma models.
Direct measurements of the induced thrust were taken using a highly sensitive load cell by Abe et al. 4 A novel technique for determination of the spatial distribution of the body force was proposed, developed and tested by Kotsonis et al. 5 , and they reported the use of a high-speed PIV system to resolve all terms of the Navier-Stokes equation representation of the flow field including body force. For steady flow, based on PIV measurements of the induced velocity field applying the momentum conservation equation on a control volume, the body force induced by the plasma jet was also calculated by assuming that the contributions of pressures and viscous forces over the control volume boundaries are neglected.
This paper investigates plasma induced body force over a flat plate in originally still air using the PIV cross-flow velocity measurements and the steady momentum conservation equation. The pressure contributions are neglected. However, deviating from momentum equations, the contributions of the viscous forces over the entire control volume boundary are studied. In the following sections, the experimental setup is presented. The convergence of the PIV data to a steady state is verified. The choice of the control volume size is studied and the contributions of the viscous normal and shear forces over the entire control volume boundaries to the plasma-induced body force of different a.c. source frequencies are investigated. Finally, conclusions are drawn.
II. Experimental Setup
A. Test model
Dielectric Barrier Discharge (DBD) actuators are used in the present research. The plasma actuator consists of two asymmetric copper electrodes each of 0.03 mm thickness. Five Kapton tape layers (0.04 mm thick per layer) separate the encapsulated electrode from the exposed electrode. The effective spanwise length (along which plasma is generated) is 150 mm. The width of the exposed and encapsulated electrode is 1 mm and 2 mm, respectively. The two electrodes are separated by a gap, which is 1.5 mm in all test cases. A plexiglas plate of 300 mm wide and 400mm long and 5mm thick is utilized as the support of the actuator which is glued to the central area of the plexiglas plate.
Figure 1. The geometrical properties of the plasma actuator
To reduce the effect of any external disturbances on the measurement, all tests are conducted in still air which is achieved by a closed cuboid chamber with a length of 600 mm, a width of 500 mm and a height of 500 mm. The bottom is the surface of a test table, and the other five faces of the chamber are made from plexiglas of 5 mm thick to allow for optical viewing and access of the laser sheet. The air inside the chamber under one atmospheric pressure The actuator is driven by the same multi-channel plasma generator as in Ref. 6 . The waveform of the a.c. source is sine wave. The peak-to-peak voltage is set at Vp−p = 12 kV and carrier frequency changes from 10 kHz to 50 kHz. The output voltage is measured by a high voltage probe, while the current is read on the plasma generator. All the tests in this paper are continuous discharge actuation.
B. PIV Setup
The PIV system is manufactured by the Dantec Dynamic Company. The Nd:YAG Laser, a product of the Beamtech Optronics Co., emits single pulse of energy ≤ 200 mJ and produces double pulses with a time interval of 60 µs. The laser sheet is in 1 mm thickness. The repeat rate of the laser double-pulse is set at 15 Hz. Consecutive 15 seconds of sampling are performed for each case. The sampling number for ensemble averages is 225. A CCD camera of 1600 × 1200 pixels is used to capture the field-of-view of 36 mm × 25 mm. A software of DynamicStudio 2.30.47 version is used to calculate the cross-flow velocity vector field from the double-pulse images. Table 1 shows the input power is approximately proportional to the carrier frequency. The momentum equations in steady form are used thus the flow field must keep steady state during PIV data acquisition. It takes approximately 5 seconds to start power supple and stabilize the output voltage and nearly 10 seconds are needed to make the flow become steady. So in order to obtain a steady flow field, the plasma actuator has to work for 15 seconds before PIV acquisition starts. It should be noted that no other filtering or smoothing has been applied apart from the processing of the raw PIV data and time averaging. The origin of the coordinate system is located at the downstream upper edge of the exposed electrode as shown in Fig. 2 . Two points, one is upstream of the actuator and the other is downstream, are chosen arbitrarily to check the steady flow. The component velocity of different sampling time has been analyzed in Fig. 3 . The results show that the flow has been steady already. Fig. 3 (b) shows the u velocity fluctuates dramatically and vibrates around u = 0.5m/s, this may be caused by the irregular fluctuation of carrier frequency. 
III. Momentum Equations
The body force induced by plasma actuation can be calculated via momentum equation of the induced flow field. A control volume is taken by which the body force is calculated from the equilibrium of the momentum flux and the exerted forces (Fig. 2) . Because the actuator spans 150mm in length and has a width of 4.5mm (induced main flow direction), so the flow is supposed to be steady two-dimensional except near the two ends.
Newton's second law can be written as
The left side of equation Eq. (1) is
which is the force exerted on the fluid as it flows through the control volume.
Because the flow is steady and two dimensional, so the right side of Eq. (1) is
which is the time rate of change of momentum of the fluid as it sweeps through the fixed control volume.
Combining Eq. (2) and (3), we obtain the momentum in integral form. (4) and the body force on the control volume is therefore
where F B is body force exerted on the fluid, F v is viscous force, F p is pressure force. Because the flow velocity is very slow in the present study, so the flow is considered to be incompressible and the air density ρ is constant.
The flow is assumed laminar, and the momentum flux, viscous force and pressure force can be written as Substituting Eqs. (6), (7) and (8) Equations (12) and (13) are formulas of body force induced by plasma. In the formulas the partial differential derivatives must be calculated first, and the central and one-sided finite-differences, which are second order accuracy finite differences, can be used to calculate them.
Central finite difference of second order of accuracy is
One-side finite difference of second order of accuracy is
where h is a constant step of the finite difference.
The approximation of the derivatives with respect to x coordinate only needs central difference, whereas for the approximation of the derivatives with respect to y, one-sided finite-difference is needed at the bottom of the computational domain along y-direction (i.e., the bottom of the chamber), and central difference is used in the rest region.
IV. Calculation of Plasma-Induced Body Force
The time averaged flow field with the selected control volume I is given in Fig. 4 . The exposed electrode is located between x = -1 mm and x = 0 mm and the encapsulated electrode is located between x = 1.5 mm and x = 3.5mm. The dark arrows stand for the velocity vector and the contour between different colors represents the ensemble-averaged crossflow-velocity isoline. Four sets of control volume have been selected to calculate the body force and viscous force. And the position of control volumes has been listed in Tab. 3. It can be concluded that the x-direction body force decreases and y-direction body force increases as the control volume becomes small, but the viscous force has little change both in x-and y-directions. This may be caused by less momentum flux flowing though the control volume. 
V. Effects of Carrier Frequency on Body Force
The momentum flux, viscous force and body force of different carrier frequencies have been listed in Tab. 8. The control volume I is employed here. The viscous force over the control volume is generally not negligible. The pressure force is ignored due to lack of the information of pressure from the PIV velocity data. The effects of the a.c. source frequency from 10 to 50 kHz with peak-to-peak voltage of 12 kV on the body force are studied. Figure 5 illustrates the body forces of x-/y-direction at various carrier frequencies. It can be concluded the body force in x-direction is less than 10 mN/m, while the body force in y-direction remains constant. Surprisingly, the x-direction body force reaches a peak value of 9.546 mN/m at f = 25 kHz under the input power of 96W, which gives a body force per unit power of approximate 0.1 mN/W. This value is close to that of the thrust force of 0.2mN/W measured by Gregory et al. 7 , and the difference between the two results might be attributed to the ignorance of pressure force in the computations in this paper. The frequency of 25 kHz might be regarded as an optimal frequency to provide the best actuation and thus can be utilized to promote the effectiveness of flow control although the reason for this is still unclear. 
